Original research article BACKGROUND: Disturbance of brain iron metabolism after intracerebral hemorrhage (ICH) results in oxidative brain injury and cognition impairment. Hepcidin plays an important role in regulating iron metabolism, and we have reported that serum hepcidin is positively correlated with poor outcomes in patients with ICH. However, the roles of hepcidin in brain iron metabolism after ICH remain largely unknown.
t he secondary brain injury caused by accumulative brain iron after intracerebral hemorrhage (ICH) has become well recognized. 1 Iron, as one of the most important degradation products of a hematoma, not only can cause direct toxic injury 2, 3 and damage the DNA 4, 5 in the acute phase of ICH but also can lead to cognition impairment in the later phase of ICH. [6] [7] [8] Accordingly, promoting accumulative brain iron efflux is beneficial to ICH treatment. This has been demonstrated by the application of an iron chelator such as deferoxamine in multiple animal ICH models. [9] [10] [11] One experiment showed that deferoxamine reduced brain iron overload after ICH without improving neurological deficits in rats. 12 Although no serious adverse events occurred in patients with acute ICH 13 and although deferoxamine is currently in clinical trials, 14 the effects on patients with ICH remain unknown. The unknown mechanisms of brain iron metabolism greatly limit the development of therapeutic drugs targeting brain iron efflux and its therapeutic effects after ICH. Therefore, elucidating the mechanisms underlying brain iron metabolism can give us more promising therapeutic targets for ICH treatment on brain iron efflux. Moreover, the promotion of sharply accumulated brain iron entering into circulation via the blood-brain barrier can solve the problem of brain damage caused by iron after ICH.
Hepcidin, an important iron-regulative peptide hormone, 15 plays a crucial role in regulating iron metabolism by controlling intracellular iron efflux via binding and internalizing ferroportin (the only known efflux channel of cells). 16 Among the hepcidin-20, -22, and -25 peptides, only hepcidin-25 has a biofunction. 16 Previously, on the basis of clinical data from patients with ICH, we concluded that serum hepcidin levels are positively correlated with poor outcomes and that peak levels of serum hepcidin were observed in patients at 3 days after ICH onset, 17 which seems to correlate with the changing trends of inflammation after ICH. These results suggest that hepcidin may be involved in brain iron metabolism after ICH. However, the exact roles of hepcidin in brain iron metabolism after ICH still need to be explored.
In general, hepcidin can be upregulated by inflammatory responses 16 such as the interleukin-6 (IL-6)/janus kinase/signal transducer and activator of transcription 3 (STAT3) signaling pathway. 18, 19 Previously, we and others reported that Toll-like receptor 4 (TLR4)-mediated inflammation is one of the most important contributors to brain injury caused by ICH [20] [21] [22] and that IL-6 is one of the downstream inflammatory cytokines of TLR4 signaling. 21 Therefore, inflammation caused by ICH may influence the upregulated expression of hepcidin. In addition, minocycline, as a microglia activation inhibitor, 23 is shown to markedly reduce accumulative iron after ICH. 24 These results strongly suggested that the changes in hepcidin caused by inflammation may be involved in brain iron metabolism after ICH. Accordingly, shedding light on the mechanisms underlying hepcidin changes and those involving brain iron metabolism can achieve better therapeutic effects on brain iron evacuation and the damaging effects of ICH.
In this study, we are the first to show that the TLR4/ MyD88 signaling pathway increased both brain astrocyte-derived and serum hepcidin, which resulted in the inhibition of brain iron efflux into the circulation after ICH via binding to the ferroportin of brain microvascular endothelial cells (BMVECs) that reduce iron efflux channels. These results indicate that a therapeutic target for inflammatory responses may be beneficial not only to reduce inflammatory injury but also to alleviate the accumulated brain iron caused by oxidative injury after ICH.
MethODs animals
A total of 1672 mice were used in our study. C57BL/6 male mice (weight, 20-24 g) were purchased from the Animal Center of Daping Hospital, Third Military University (Chongqing, China). Hepc +/ − mice were purchased from the Mutant Mouse Resource Research Centers (Davis, CA). We interbred Hepc heterozygous mice to produce and identify knockout and wild-type offspring according to the following gene primer: DNA292-9 5'-TTGCACGGGGAAGAAAGCAG, DNA 292-10 5'-GACCTGTAAACCCAGCTCAG, Neo3a 5'-GCAGCGCAT CGCCTTCTATC. TLR4 −/− and MyD88 −/− mice (weight, 20-24 g) were purchased from the Model Animal Research Center of Nanjing University (Nanjing, Jiangsu). TRIF −/− mice (weight, 20-24 g) were purchased from Jackson Laboratories (Bar Harbor, ME). All mice had a C57BL/6 genetic background. The mice were housed in a specific pathogen-free environment with 12-hour light/dark cycles, a controlled temperature (25°C), and relative humidity (45%-55%) with free access to clinical PersPective What is new?
• Using parabiosis and intracerebral hemorrhage surgery, this study showed that the Toll-like receptor 4/MyD88 signaling pathway increased both brain astrocyte-derived and serum hepcidin, which resulted in the inhibition of brain iron efflux into circulation after intracerebral hemorrhage via binding to the brain ferroportin of microvascular endothelial cells, which reduces iron efflux channels.
What are the clinical implications?
• Intracerebral hemorrhage induced inflammatory responses that promote hepcidin expression, suggesting that muting inflammation or interfering with increased hepcidin may be a therapeutic target for intracerebral hemorrhage treatment to promote brain iron efflux and to reduce the cause of brain injuries and cognition impairments.
Parabiosis Models
According to the previous report, 26 male mice of the same weight and size were paired ≥2 to 3 weeks before the surgery to ensure that they were compatible. In the present study, we successfully constructed the C57BL/6-C57BL/6 isochronic parabiosis models, C57BL/6-Hepc −/− heterochronic parabiosis models, and Hepc −/− -Hepc −/− isochronic parabiosis models, which we used to investigate the role of periphery hepcidin in brain iron metabolism when subjected to ICH.
ich Models
The detailed procedures used to construct the ICH model were established in our previous studies. 27, 28 The parabiosis mice ICH models were constructed ≈20 days after surgery because their blood chimerism occurs 10 to 14 days after the surgery. 26 Mice were briefly anaesthetized intraperitoneally with 4% phenobarbital sodium and were immobilized on the stereotaxic apparatus (RWD Life Science Co, Shenzhen, China). All experimental mice, including each of the 2 mice from the parabiosis models, received a total of 20 μL autologous blood injected into the caudate nucleus (bregma 0: 0.8 mm anterior, 2 mm left lateral, and 3.5 mm deep) successively. Unsuccessful ICH models, including asymptomatic and dead mice before euthanasia, were excluded from this study. Before the ICH mice were euthanized, we collected all of their blood through removal of an eyeball. The blood was untreated with anticoagulants to avoid influencing serum iron levels. The blood samples were placed at 4°C for 1 hour and centrifuged after clotting to obtain the serum samples, and then they were stored in aliquots at −80°C.
human hepcidin-25 Peptide and ethYl (6r)-6-[N-(2-chloro-4-Fluorophenyl) sulfamoyl] cyclohex-1-ene-1-carboxylate application
We intravenously administered human hepcidin-25 peptide (Abcam) at a dose of 1 μg/dL once daily for 5 successive days beginning 6 hours after ICH. According to our previous report, 28 (6R)-6-[N-(2-chloro-4-fluorophenyl) sulfamoyl] cyclohex-1-ene-1-carboxylate (TAK242; Takeda Pharmaceutical Co) was formulated with 1% dimethyl sulfoxide (σ) and double-distilled water to a final concentration of 0.4 mg/mL and then injected intraperitoneally at a dose of 3 mg/kg once daily for 5 successive days beginning 6 hours after ICH.
Brain nonheme iron Measurement
Using the protocol reported by Auriat and colleagues 12 with modifications, we measured the brain nonheme iron after ICH. Experimental mice were briefly overdosed with phenobarbital sodium and perfused with PBS. The brains were removed and dissected into ipsilateral brain tissues and contralateral similar tissues. To avoid metal contamination, Teflon-coated blades (7280 L, Thermo Scientific, Kalamazoo, MI) and plastic forceps were used to handle the brain samples. After the samples were weighed, a ratio of 1:10 wt/vol distilled water was added, and then the samples were homogenized in a Dounce homogenizer. Two aliquots of the solution were then transferred to separate microcentrifuge tubes. An equal volume of protein precipitate solution (1N HCl, 10% trichloroacetic acid in dH 2 O) was added to each aliquot, which was mixed and heated for 1 hour at 95°C in an sealed tubes followed by an 8200g, 10-minute centrifuge. Then, 100 μL supernatant was transferred into 2 separate new microcuvettes, and 600 μL chromogen solution (0.025 mmol/L ferrozine, 3 mol/L sodium acetate, 1.5% [vol/vol] thioglycolic acid in dH 2 O) was added and mixed. After being left for 30 minutes at room temperature to allow color development, the samples were measured at 562 nm with an automatic microplate reader (Thermo Scientific Varioskan Flash).
Diaminobenzidine-enhanced turnbull staining With neural cells
The modified diaminobenzidine-enhanced Turnbull staining protocol 29, 30 was applied for detection of brain iron and neural cells. After deparaffinization in xylene and rehydration, sections were immersed in aqueous ammonium sulfide solution (2% in deionized water) for 90 minutes for detection of total nonheme iron. This process was followed by a 30-minute incubation with aqueous solution containing 10% potassium ferricyanide and 0.5% HCl. After 3 washing steps with deionized water, sections were incubated in methanol containing 0.01 mol/L sodium azide and 0.3% hydrogen peroxide for 60 minutes for blocking of endogenous peroxidase. Next, sections were washed with 0.1 mol/L phosphate buffer and 0.3% hydrogen peroxide for 60 minutes for blocking of endogenous peroxidase. Iron staining was amplified by a solution containing 0.025% diaminobenzidine (Sigma Aldrich) and 0.005% hydrogen peroxide in 0.1 mol/L phosphate buffer for 20 minutes. The reaction was stopped by rinsing the sections in tap water. After development, sections were washed with deionized water and steamed for 30 minutes in EDTA buffer (pH 8.5). After overnight incubation of rabbit anti-NeuN (1:100; Millpore), rabbit anti-glial fibrillary acidic protein (GFAP) antibodies (1:100; Lispan) or rabbit anti-IBa-1 antibodies (1:100; Lispan) at 4°C. The next day, after being washed 3 times with PBS, sections were incubated with avidin-conjugated alkaline phosphatase (1:500, Sigma Aldrich) and developed with Fast Blue substrate (Sigma) to produce a blue signal for neuron (NeuN), astrocyte (GFAP), or microglia (IBa-1). Sections were dehydrated and mounted on coverslips with Permount mounting medium.
statistical analysis
Analyses were performed with SPSS 13.0 software, and all values are presented as mean±SD or percentage. A χ 2 test was used to compare the differences in proportions between 2 groups. Student t test and 1-way ANOVA followed by the Scheffé post hoc test were used to compare differences between ≥2 groups. Two-way ANOVA with repeated measures were performed when appropriate to compare repeated measured data, and the main effects of the genotype (treatment) and time points and the interaction were assessed between the two. A value of P<0.05 was considered statistically significant.
supplemental Methods
An expanded Methods section containing a detailed description of brain, serum hepcidin and serum iron measurement, Western blot, immunohistochemical and immunofluorescent staining and analysis, determination of dichlorofluorescein and 8-isoprostane, brain water content, neurological deficient score, radial arm water maze (RAWM), and cell culture and intracellular ferritin measurement is provided in the online-only Data Supplement.
results upregulated hepcidin expression in Both Brain and serum after ich
Given that hepcidin plays an important role in regulating iron metabolism 15 and that hepcidin-25 has a biofunction, 16 we investigated brain and serum hepcidin-25 expression in ICH C57BL/6 mice. First, we detected brain hepcidin expression using a Western blot and found that the hepcidin levels were increased beginning 12 hours after ICH with a peak level at day 3 compared with sham groups and normal C57BL/6 mice (NS; Figure 1A ). Similar results were also obtained Figure 1 . Periphery and brain hepcidin expression were increased after intracerebral hemorrhage (ich).
A, Brain tissues were obtained from mice 12 hours and 1, 3, 5, 7, 14, and 28 days after ICH. Western blots detected higher levels of hepcidin protein after ICH (each time point, n=6; # 1 P=0.0285, ## 2 P=0.0047, ## 3 P=0.0022, ## 4 P=0.0036, # 5 P=0.0352 vs sham controls). B and C, Hepcidin ELISA kits detected higher contents of brain (B) and serum (C) hepcidin after ICH (each time point, n=6; B: # 1 P=0.0219, ## 2 P=0.0086, ## 3 P=0.0031, ## 4 P=0.0095, # 1 P=0.0347 vs sham control; C: ## 1 P=0.0021, ## 2 P < 0.0001, ## 3 P=0.0067, # 4 P=0.0374, # 5 P=0.0408). D, Immunohistochemical staining shows that hepcidin-positive cells were significantly increased at day 3 after ICH compared with sham control groups (n=4; ##P<0.0001 vs sham control). E, Immunofluorescent staining of cells expressing hepcidin, NeuN by neurons, glial fibrillary acidic protein by astrocytes, CD11b by microglia, and CD31 by brain microvascular endothelial cell. DAPI staining was used to label the nuclei (blue), and the experiments were performed in triplicate (n=4; ##P<0.0001 vs sham control). Red arrows indicate that hepcidin encircled the CD31positive endothelial cells.
ORIGINAL RESEARCH ARTICLE 1029 with hepcidin ELISA kits ( Figure 1B ). In line with our previous findings of serum hepcidin changes in patients with ICH, 16 increased serum hepcidin levels were also found in ICH mouse models with a peak at day 1 after ICH ( Figure 1C ). In addition, the results of immunohistochemical staining showed that hepcidin-positive cells were significantly increased in brain tissues at day 3 after ICH ( Figure 1D ). Furthermore, immunofluorescent staining was used to find the cell sources of hepcidin, and the results showed that expression of hepcidin was mostly colocalized with GFAP-positive astrocytes, with little in CD11b-positive microglia ( Figure 1E ). In contrast, the Hepc −/− mice did not express hepcidin after ICH (online-only Data Supplement Figure I) . These results showed that increased brain hepcidin existed primarily in astrocytes after ICH. It is intriguing that we found that the expression of hepcidin encircled CD31positive BMVECs without colocalization ( Figure 1E , red arrow). To further investigate whether the positive staining of hepcidin and GFAP astrocytes adjacent to endothelial cells is peripheral production of hepcidin and uptake by perivascular astrocytes, fluorescence in situ hybridization experiments were performed, and the results showed that the glial cell-like hepcidin mRNA existed in perihematomal tissues at 3 days after ICH (online-only Data Supplement Figure II) . These results suggest that increased hepcidin may also play a critical role in brain iron metabolism after ICH.
In addition, to understand the iron-changing features in the brain and during circulation under ICH, we detected the brain iron contents from 12 hours to 28 days after ICH. The results showed that brain iron gradually increased from day 3 after ICH with a peak level at day 14 (online-only Data Supplement Figure IIIA ) and remained at a high level until day 28. Moreover, using the methods of diaminobenzidine-enhanced Turnbull staining with neural cells, we found that the accumulated brain iron existed in neurons, microglias, astrocytes, and endothelial cells at day 14 after ICH (online-only Data Supplement Figure IIIB ). Then, we investigated the serum iron levels in ICH mice and found that serum iron levels were also decreased from day 1 to 7, especially at day 1 after ICH (online-only Data Supplement Figure IIIC ). hepc −/− Mice exhibited improvement of Brain iron efflux, Brain Oxidative injury, and cognition impairment after ich Next, we investigated the roles of hepcidin in brain iron metabolism after ICH. First, we found no significant difference in brain iron levels between Hepc −/− and C57BL/6 normal mice (Figure 2A ). Then, using the Hepc −/− mice ICH models, we found that the accumulative iron in the brain was decreased compared with C57BL/6 mice (Figure 2B) , whereas serum iron contents were increased ( Figure 2C ). We then investigated the effects of reduced brain iron from 12 hours to 28 days after ICH by determining the production of reactive oxygen species using the index of 2ʹ,7ʹ-dichlorodihydrofluorescein (DCFH) 31 and 8-isoprostane. 32 Our findings showed that the contents of DCFH and 8-isoprostane in brain were increased after ICH, whereas they were less in Hepc −/− mice than in the C57BL/6 mice ( Figure 2D and 2E) . We subsequently investigated the brain water contents and found that the brain water contents at days 3, 5, and 7 after ICH were decreased in Hepc −/− mice compared with C57BL/6 mice ( Figure 2F ), as were the neurological deficient scores between the 2 groups ( Figure 2G ). Furthermore, we measured the effects of reduced iron contents at 28 days after ICH using the RAWM to confirm iron-related cognition impairment and found that Hepc −/− and C57BL/6 mice showed similar spatial learning for the visible platform during training stage, whereas Hepc −/− mice showed enhanced learning and memory for the hidden platform location compared with the C57BL/6 mice during the testing phase ( Figure 2H ). application of human hepcidin-25 Peptide aggravated Brain iron accumulation, Brain Oxidative injury, and cognition impairment after ich
To discover the roles of hepcidin in brain iron metabolism and its effects after ICH, human hepcidin-25 peptide was used in the C57BL/6 mice once daily for 5 consecutive days beginning 6 hours after ICH. We found that brain iron accumulation was increased in hepcidintreated groups compared with saline-treated ICH mice ( Figure 3A ). The reactive oxygen species index of brain DCFH ( Figure 3B ) and 8-isoprostane levels ( Figure 3C ) were also higher in the hepcidin-treated mice than in the saline-treated mice after ICH. In addition, we found that the brain water contents at days 3, 5, 7, and 14 after ICH ( Figure 3D ) and neurological deficient scores at days 3, 5, and 7 after ICH ( Figure 3E) were increased in the hepcidin-treated mice compared with the saline-treated mice after ICH. Last, the hepcidin-treated mice showed poorer learning and memory for the hidden platform location than the saline-treated mice during the testing phase in the RAWM test ( Figure 3F ).
increased hepcidin inhibits BMvecs intracellular iron efflux in vitro
The pathway across blood-brain barrier from brain to circulation is one of the major pathways for iron efflux after ICH, and increased hepcidin was shown to encircle BMVECs with the use of immunofluorescent staining after ICH ( Figure 1E ). In addition, hepcidin has been shown to regulate the cellular iron efflux by binding to ferropor-tin and inducing its internalization. 16 It has been shown that ferroportin widely localized in most of neural cells with the immunofluorescent staining such as neurons, microglias, astrocytes, and endothelial cells 33, 34 (onlineonly Data Supplement Figure IV) . Accordingly, we ex-plored how the increased hepcidin influenced brain iron efflux to the brain in vitro. Astrocytes were cultured and stimulated by 5 μmol/L hemoglobin to mimic in vitro ICH models based on our previous reported methods, 35 and BMVECs were stimulated by supernatants from astro- Figure 2 . the absence of hepcidin reduced brain iron deposition and attenuated brain oxidative injury and cognition impairment after intracerebral hemorrhage (ich).
A, Brain tissues were obtained from normal mice, and nonheme brain tissue iron was measured (n=6; P=0.6913). B, Brain tissues were obtained from mice at 12 hours and 1, 3, 5, 7, 14, and 28 days after ICH. The time course of nonheme brain tissue iron after ICH in C57BL/6 and Hepc −/− mice (each time point, n=6; # 1 P=0.0391, # 2 P=0.0274, ## 3 P=0.0092, ## 4 P=0.0016, ## 5 P=0.0037). C, The time course of serum iron levels in Hepc −/− and C57BL/6 mice after ICH (each time point, n=6; ## 1 P=0.0025, ## 2 P < 0.0001, ## 3 P=0.0014, ## 4 P=0.0008, ## 5 P=0.0052, ## 6 P=0.0067, ## 7 P=0.0094). D and E, The brain contents of dichlorofluorescein (D) and 8-isoprostane (E) in C57BL/6 and Hepc −/− mice from 12 hours to 28 days after ICH (each time point, n=6; D: # 1 P=0.0295, # 2 P=0.0183, ## 3 P=0.0093, ## 4 P=0.0048, # 5 P=0.0257; E: # 1 P=0.0347, ## 2 P=0.0091, ## 3 P=0.0076, ## 4 P=0.0028, ## 5 P=0.0057). F, Brain tissues were obtained from mice 12 hours and 1, 3, 5, 7, and 14 days after ICH. Brain water content in Hepc −/− mice was lower than in C57BL/6 mice (each time point, n=6; # 1 P=0.0386, # 2 P=0.0319, # 3 P=0.0244). G, Neurological deficits scores (NDSs) were measured at days 1, 3, 5, 7, and 14 after ICH. NDSs in Hepc −/− mice were lower than in C57BL/6 mice (each time point, n=15; # 1 P=0.0287, # 2 P=0.0359, # 3 P=0.0422). Two-way ANOVA reported a significant effect of genotype (P=0.0283) but not of time points (P=0.4737); the interaction between main effects was significant (P=0.0392). H, Cognition impairment was assessed by the radial arm water maze (number of entry arm errors before finding the platform) between Hepc −/− and C57BL/6 mice at day 28 after ICH (n=10, # 4 P=0.0153, ## 1 P=0.0054, ## 2 P=0.0072, ## 3 P=0.0036).
ORIGINAL RESEARCH ARTICLE 1031 cytes for 12 hours after being incubated with ferric ammonium citrate for 24 hours and washed with iron-free DMEM ( Figure 4A ). In addition, the BMVEC intracellular ferritin content, the cytosolic iron storage protein, was measured at 24 and 36 hours after the beginning of BMVEC culture ( Figure 4A ). We found that when BMVECs were stimulated by C57BL/6 astrocyte supernatants, the remaining intracellular ferritin levels were higher in the absence of the hepcidin antagonist fursultiamine than in the presence of fursultiamine ( Figure 4B ). The same results were found in the BMVECs stimulated by C57BL/6 astrocyte supernatant compared with Hepc −/− astrocyte supernatant ( Figure 4C ). These results suggest that increased hepcidin may prevent accumulative brain iron flow into circulation by inhibiting BMVECs intracellular iron efflux. Figure 3 . the application of human hepcidin-25 peptide increased brain iron deposition and aggravated brain oxidative injury and cognition impairment after intracerebral hemorrhage (ich).
A, Brain tissues were obtained from mice at 12 hours and 1, 3, 5, 7, 14, and 28 days after ICH. The time course of nonheme brain tissue iron after ICH in human hepcidin-25-or saline-treated C57BL/6 mice (each time point, n=6; # 1 P=0.0204, ## 2 P=0.0096, ## 3 P=0.0047, ## 4 P=0.0065, ## 5 P=0.0072). B and C, The brain contents of dichlorofluorescein (B) and 8-isoprostane (C) in the human hepcidin-25-or saline-treated C57BL/6 mice from 12 hours to 28 days after ICH (each time point, n=6; B: ## 1 P=0.0083, ## 2 P=0.0064, ## 3 P=0.0058, ## 4 P=0.0037, ## 5 P=0.0061; C: # 1 P=0.0172, ## 2 P=0.0095, ## 3 P=0.0072, ## 4 P=0.0085). D, Brain tissues were obtained from mice 12 hours and 1 3, 5, 7, and 14 days after ICH. Brain water content in the human hepcidin-25-treated C57BL/6 mice was higher than in the saline-treated C57BL/6 mice (each time point, n=6; # 1 P=0.0323, # 2 P=0.0227, # 3 P=0.0365, # 4 P=0.0418). E, Neurological deficits scores (NDSs) were measured at days 1, 3, 5, 7, and 14 after ICH. NDSs in the human hepcidin-25-treated C57BL/6 mice were higher than in the saline-treated C57BL/6 mice (each time point, n=15; # 1 P=0.0216, # 2 P=0.0334, # 3 P=0.0417). Two-way ANOVA reported a significant effect of hepcidin-25 treatment (P=0.0213) but not of time points (P=0.5261); the interaction between main effects was significant (P=0.0426). F, Cognition impairment was assessed by the radial arm water maze (number of entry arm errors before finding the platform) between the human hepcidin-25-and saline-treated C57BL/6 mice at day 28 after ICH (n=10; # 1 P=0.0137, ## 2 P=0.0097, # 3 P=0.0294).
increased serum hepcidin involved in Brain iron accumulation after ich
We previously showed that serum hepcidin contents are positively correlated with the outcome of patients with ICH 17 and that serum hepcidin was significantly increased in mouse ICH models. Therefore, we investigated the roles of serum hepcidin in brain iron metabolism by using the parabiosis model and constructing C57BL/6-C57BL/6, C57BL/6-Hepc −/− , and Hepc −/− -Hepc −/− parabiosis ICH models after 20 days of parabiosis ( Figure 5A ). The parabiosis models share a similar blood after 10 to 14 days of parabiosis, 24 and the periphery hepcidin in C57BL/6 mice can enter into the circulation of Hepc −/− mice ( Figure 5B ). To further explore whether the serum hepcidin could enter into brain tissues to become involved in brain iron metabolism after ICH, we found that the hepcidin did not exist in brain tissue of heterochronic Hepc −/− ICH mice detected by Western blot (online-only Data Supplement Figure VA) and immunofluorescent staining (online-only Data Supplement Figure VB ). Brain iron levels peaked 14 days after ICH, at which time point we measured the brain iron levels. The brain iron contents were significantly higher in heterochronic Hepc −/− mice exposed to C57BL/6 circulation compared with Hepc −/− mice exposed to Hepc −/− circulation ( Figure 5C ). These results show that increased periphery hepcidin is also involved in promoting brain iron accumulation after ICH. tlr4/MyD88 signaling Pathway upregulated hepcidin expression after ich IL-6/STAT3 signaling has been shown to promote hepcidin expression, 19 and IL-6 is one of the proinflammatory cytokines of TLR4 signaling after ICH. 21 Therefore, we investigated the roles of TLR4 signaling in hepcidin expression after ICH and found that TLR4 −/− and MyD88 −/− mice showed pronounced decreases in hepcidin content in the brain at day 3 after ICH compared with C57BL/6 mice, whereas TRIF −/− mice showed no significant difference ( Figure 6A ). Furthermore, the results of immunofluorescent staining also showed that double-(hepcidin-25 and GFAP) positive cells were lower in TLR4 −/− mice than in C57BL/6 mice at day 3 after ICH ( Figure 6B ). In addition, we found that IL-6 levels in the brain were increased after ICH, peaking at day 3 ( Figure 6C ). Moreover, we found that brain IL-6 and phosphorylated STAT3 levels were decreased in TLR4 −/− and MyD88 −/− mice in contrast to C57BL/6 mice, whereas TRIF −/− mice were similar to C57BL/6 mice ( Figure 6D) . These results show that the TLR4/MyD88 signaling pathway increased IL-6 production, which further activated STAT3 phosphorylation to induce hepcidin expression after ICH.
To further confirm the effects of TLR4/MyD88 signaling on brain iron accumulation, we compared serum and brain iron contents among TLR4 −/− , MyD88 −/− , TRIF −/− , and C57BL/6 mouse ICH models. Our findings showed that TLR4 −/− ( Figure 6E) Figure VIB) . In addition, we found no significant difference in brain iron levels among TLR4 −/− , MyD88 −/− , TRIF −/− , and C57BL/6 normal mice (onlineonly Data Supplement Figure VIC) . Then, brain iron contents were measured after ICH and were found to be lower in TLR4 −/− mice compared with C57BL/6 mice at 7, 14, and 28 days after ICH, whereas there was no significant difference in the acute phase of ICH ( Figure 6F ). Additionally, brain iron levels in TLR4 −/− mice peaked at day 7 after ICH ( Figure 6F ). MyD88 −/− mice also exhibited a tendency in brain iron content similar to that of the TLR4 −/− mice (online-only Data Supplement Figure VID) , whereas the results of the TRIF −/− mice were consistent with those of the C57BL/6 mice after ICH (online-only Data Supplement Figure VIE) .
Next, we further investigated TLR4 signaling in hepcidin expression and its effects in vitro. First, we found that the supernatant hepcidin contents of hemoglobin-stimulated TLR4 −/− astrocytes were lower than the C57BL/6 astrocytes ( Figure 7A ). In addition, the remaining intracellular ferritin levels in BMVECs stimulated by C57BL/6 astrocyte supernatants were higher than that stimulated by TLR4 −/− astrocyte supernatants ( Figure 7B) . These results suggest that TLR4/MyD88 signaling increased hepcidin expression, which prevents brain iron evacuation via inhibition of the intracellular iron of BMVECs entering into circulation after ICH.
taK242 Promoted Brain iron efflux and improved cognition impairment after ich
We have previously shown that the TLR4 antagonist TAK242 significantly improved neurological deficits in the acute phase of ICH. 28 Here, we used TAK242 to evaluate the therapeutic effects of brain iron on targeting TLR4mediated inflammation. Consecutive injection of TAK242 for 5 days significantly reduced brain iron accumulation at days 14 and 28 after ICH, whereas there was no significant difference 7 days after ICH ( Figure 8A ). We subsequently confirmed iron-related impairment in the later phase of ICH during the application of TAK242 using the RAWM. Our findings on TAK242 enhancement of learning and memory for hidden platform location compared with vehicle groups during the testing phase ( Figure 8B ) suggest that targeting TLR4-mediated inflammation not only may reduce acute phase brain injury but also may improve later-phase cognition impairment that may be related partly to the reduction of brain iron accumulation after ICH.
DiscussiOn
In the present study, we provide evidence of the effects of increased hepcidin caused by TLR4 signaling on preventing brain iron entering into circulation across the blood-brain barrier and aggravating oxidative brain injury and cognition impairment in ICH mice (online-only Data Supplement Figure VII) . Using the parabiosis ICH models, Figure 5 . Parabiosis intracerebral hemorrhage (ich) models are used to detect brain iron contents.
A, Experimental scheme. Pairs of C57BL/6, Hepc −/− isochronic, and C57BL/6-Hepc −/− heterochronic mice were generated. Twenty days after parabiosis surgery, mice were anesthetized and subjected to ICH surgery, and they were euthanized 14 days after ICH to harvest the brain tissues. B, Serum hepcidin was measured 14 days after ICH in heterochronic C57BL/6 and Hepc −/− mice (n=6; P=0.7926). C, The graph represents the nonheme brain iron content at day 14 after ICH of parabiosis. The iron levels were significantly lower in isochronic Hepc −/− and Hepc −/− mice compared with the other groups (n=6 in each group; ##P=0.0038). Figure 6 . toll-like receptor 4 (tlr4) signaling contributes to the increase in hepcidin after intracerebral hemorrhage (ich).
A, Brain tissues were obtained from mice 3 days after ICH. Western blots show that hepcidin was markedly decreased in TLR4 −/− and MyD88 −/− mice compared with C57BL/6 mice (n=4; ## 1 P< 0.0001, ## 2 P< 0.0001). Hep-25 indicates hepcidin-25. B, Immunofluorescent staining of cells expressing hepcidin and glial fibrillary acidic protein (GFAP) by astrocytes (n=4, ##P=0.0006 vs TLR4 −/− mice). C, Time course of interleukin-6 (IL-6) protein after ICH in C57BL/6 mice detected by Western blot (n=4; ## 1 P=0.0003, ## 2 P < 0.0001, # 3 P=0.0262 vs sham). D, Western blot shows the expression of IL-6, (Continued ) we revealed for the first time that increased periphery hepcidin also has a significant effect on promoting brain iron accumulation after ICH, which may be attributed to the increased hepcidin caused by TLR4 signaling pathway preventing BMVECs intracellular iron efflux. Accordingly, inhibiting inflammation exhibited therapeutic effects of reduced oxidative brain injury and improvement of cognition impairment after ICH.
The research results of the cellular origin of hepcidin in the neuroinflammatory brain are inconsistent. In our study, astrocytes were the major source of hepcidin production in brain tissues after ICH, and neurons did not produce hepcidin, which is consistent with Urrutia et al's 36 report that astrocytes are also the major source of hepcidin under the condition of inflammatory cytokine stimulation. However, in another study, a significant increase in hepcidin expression was found in neurons within the cortex and substantia nigra caused by lipopolysaccharide. 37 Although neurons do not respond to lipopolysaccharide, the increase in hepcidin production in neurons is dependent on the microglia. 37 In addition, despite the increased hepcidin observed in the ischemic brain, no information about the cellular source of hepcidin was reported. 38 The inconsistent results on the source of hepcidin may be due to different experimental models, conditions, or other unknown factors that may influence hepcidin expression in brain tissue.
In the present study, we found that increased hepcidin encircled the BMVECs (Figure 1E , red arrow), suggesting that hepcidin plays an important role in regulating brain iron metabolism by influencing the transference of iron across the blood-brain barrier. In the Hepc −/− mice, we found that brain iron evacuation was increased, whereas giving a supplement of human hepcidin-25 peptide aggravated brain iron accumulation. In addition, data obtained from the in vitro study showed that increased hepcidin inhibits BMVEC intracellular iron efflux, maybe because hepcidin binds to ferroportin and induces its internalization, resulting in a decrease in the cellular iron efflux channel. 16, 39 These results suggest that increased hepcidin prevents brain iron from evacuating into circulation after ICH. Because the hepcidin antagonist fursultiamine has been shown only to have antagonistic effects on hepcidin in the in vitro study, 40 we did not investigate the function of fursultiamine in our in vivo experimental ICH models. We previously showed that serum hepcidin contributes to poor outcomes in patients with ICH 17 and found that serum hepcidin was increased in mice after ICH. Therefore, to demonstrate that serum hepcidin is also involved in brain iron accumulation after ICH, we used the parabiosis ICH models and found that brain iron content at day 14 after ICH in heterochronic Hepc −/− mice was higher than in isochronic Hepc −/− mice because heterochronic Hepc −/− mice received hepcidin from the heterochronic C57BL/6 mice via an established blood communication. In addition, the result that serum hepcidin cannot be detected in the brain tissues of Hepc −/− mice was consistent with other results that hepcidin would be degraded by the lysosome when taken into the cell. 16 Accumulative brain iron can lead to oxidative brain injury 2 in the acute phase of ICH and cognition impairment 7, 41, 42 in the later phase of ICH. We measured the reactive oxygen species index of brain DCFH and 8-isoprostane levels to evaluate oxidative brain injury in Hepc −/− ICH mice because lower brain iron content was found in Hepc −/− mice than in C57BL/6 mice. An improvement in brain water content and neurological deficient score at 3, 5, and 7 days after ICH was also found in Hepc −/− mice. To further investigate the longterm effect of reduced brain iron after ICH, we used the RAWM to evaluate the cognition impairment of mice at day 28 after ICH and found that Hepc −/− mice exhibited more improvement in spatial learning and memory than C57BL/6 mice. Furthermore, these effects in C57BL/6 mice were aggravated by the intravenous injection of human hepcidin-25 peptide after ICH. These results suggest that increased hepcidin in both brain and serum results in the inhibition of brain iron evacuation that causes iron-related brain injury after ICH.
However, in the brain iron-overload rats, hepcidin has been shown to suppress brain iron accumulation by inhibiting the transport of transferrin-bound iron from the periphery into the brain, 43 and pretreatment of rats with adenovirus hepcidin prevents iron-induced oxidative stress in the brain. 44 The other study showed that increased hepcidin caused by inflammation was connected to brain iron accumulation, 36 which was consistent with our results. The contradictory effects of hepcidin on brain iron accumulation may be due to different experimental models or conditions. In our opinion, accumulated iron in the brain already exists in the iron-overloaded brain, and only the promotion of brain iron entering into circulation can solve this issue.
Increased hepcidin is connected to brain iron accumulation after ICH; thus, elucidating the mechanism underlying hepcidin expression seems to be important for ICH treatment. The IL-6/STAT3 signaling pathway has been demonstrated to be an important contribu- Figure 6 . continued phosphorylated (p-) signal transducer and activator of transcription 3 (STAT3), and STAT3 in C57BL/6, TLR4 −/− , MyD88 −/− , and TRIF −/− mice at day 3 after ICH (n=4; ## 1 P=0.0002, ## 2 P=0.0004, ## 3 P=0.0017, ## 4 P=0.0024). E, Hepcidin ELISA kits detected higher contents of serum hepcidin in C57BL/6 mice than in TLR4 −/− mice after ICH (n=6; ## 1 P=0.0023, ## 2 P=0.0003, ## 3 P=0.0009, ## 4 P=0.0056, ## 5 P=0.0078). F, The time course of nonheme brain tissue iron after ICH in C57BL/6 and TLR4 −/− mice (each time point n=6, # 1 P=0.0267, ## 2 P=0.0018, ## 3 P=0.0065).
tor to hepcidin expression. 19 Therefore, in this study, we further investigated the brain levels of IL-6 and found that the levels of IL-6 also peaked at day 3 after ICH. We previously determined IL-6 to be the down-stream inflammatory cytokine of the TLR4 signaling pathway after ICH. 21 To further explore the role of TLR4 signaling in hepcidin expression after ICH, using the TLR4 −/− mice, we found that the brain levels of hepcidin were decreased compared with C57BL/6 mice at day 3. Similarly, the IL-6 and phosphorylated STAT3 levels were also decreased in TLR4 −/− ICH mice at day 3 after ICH. Moreover, we investigated which pathway of TLR4 signaling was involved in promoting hepcidin expression. The results of the Western blot showed that brain hepcidin, IL-6, and phosphorylated STAT3 expression at 3 days after ICH was also decreased in MyD88 −/− mice, with no significant difference in TRIF −/− mice compared with C57BL/6 mice. These results suggest that the TLR4/MyD88 signaling pathway promotes hepcidin expression via the IL-6/ STAT3 pathway. In addition, the TLR4 −/− and MyD88 −/− mice exhibited lower brain iron accumulation at days 7, 14, and 28 after ICH, whereas the levels of brain iron content in TLR4 −/− and MyD88 −/− mice peaked sooner than in C57BL/6 mice. The reason may be that TLR4 −/− and MyD88 −/− mice have faster hematoma absorption than C57BL/6 mice, 27 or there may be other factors that are influenced by inflammation to counteract the effects of reduced hepcidin on brain iron evacuation in the acute phase of ICH. A, Brain tissues were obtained from mice 7, 14, and 28 days after ICH. The nonheme brain iron contents were measured between TAK242-and vehicle-treated C57BL/6 mice or TLR4 −/− mice (n=6; n.s. 1 P=0.4936, n.s. 2 P=0.7174, ## 3 P=0.0046, n.s. 4 P=0.5361, ## 5 P=0.0077, n.s. 6 P=0.7618). B, Cognition impairment was assessed by the radial arm water maze (number of entry arm errors before finding the platform) between TAK242-and vehicle-treated C57BL/6 mice at day 28 after ICH (n=10; # 1 P=0.0194, ## 2 P=0.0085, # 3 P=0.0156, # 4 P=0.0238). The vehicle represents the same volume of solvent used to formulate the TAK242 solution. Figure 7 . a lack of toll-like receptor 4 (tlr4) signaling in cultured astrocytes promotes brain microvascular endothelial cell (BMvec) intracellular iron efflux in vitro.
A, Hemoglobin 10 μmol/L stimulated the cultured astrocytes for 12 hours, and then the concentration of hepcidin in the supernatants was measured with hepcidin ELISA kits (n=5; ##P=0.0007). B, The remaining intracellular ferritin contents of C57BL/6 BMVECs stimulated by the supernatants of C57BL/6 or TLR4 −/− astrocytes compared with the 24-hour intracellular ferritin levels measured by ELISA (n=5; ##P=0.0013).
cOnclusiOns Our results showed that increased hepcidin caused byTLR4/MyD88 signaling prevents brain iron efflux into circulation after ICH. The presented insight into increased hepcidin expression caused by inflammation after ICH identifies a mechanistic target for muting inflammation to promote brain iron efflux in iron-related brain injuries after ICH.
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